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The local fiber orientation is a micro-
structural feature crucial for the mechani-
cal properties of parts made from fiber rein-
forced polymers. It can be determined from
micro-computed tomography data and sub-
sequent quantitative analysis of the result-
ing 3D images. However, although being by
nature non-destructive, this method so far
∗Corresponding author:
katja.schladitz@itwm.fraunhofer.de
has required to cut samples of a few mil-
limeter edge length in order to achieve the
high lateral resolution needed for the anal-
ysis.
Here, we report on the successful com-
bination of region-of-interest scanning with
structure texture orientation analysis ren-
dering the above described approach truly
non-destructive. Several regions of interest
in a large bearing part from the automo-
tive industry made of fiber reinforced poly-
mer are scanned and analyzed. Differences
of these regions with respect to local fiber
orientation are quantified. Moreover, con-
sistency of the analysis based on scans at
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varying lateral resolutions is proved. Fi-
nally, measured and numerically simulated
orientation tensors are compared for one of
the regions.
1 Introduction
Many structural components in the auto-
motive and aircraft industries are made
from fiber reinforced plastic (FRP) com-
posite material. The fibers can be made of
glass, carbon, or other materials, they can
be short cut, long or even continuous, of
various thicknesses and volume concentra-
tions. Typically, the fiber component com-
prises 10 to 35% of the volume for injection
molded materials (e. g. in [5]) and up to 50-
60% for laminar FRP (e. g. [36, 43, 21, 17])
and consists of 6 to 15µm thick carbon fiber
bundles or 10 to 18µm thick glass fibers
(e. g. 10 µm in [5], 12µm in [4], 18µm in
[20]).
When the components are molded, usu-
ally thermoplastics like polypropylene (e. g.
[50]), polybutylene terephthalate (e. g. [4]),
polyamide 66 (e. g. [6]), polyamide 6,
acrylonitrile butadiene styrene are used as
host material to which the fibers are added.
Since FRP components generally undergo
mechanical and/or thermal stresses during
their service life, their load bearing capac-
ity/strength is of critical importance for the
components’ design.
The structural properties of injec-
tion molded FRP materials are locally
anisotropic due to the fiber component be-
ing anisotropically oriented [1, 26], [6] (for
short fibers), [18] (for long fibers). This
anisotropy in turn is caused by the fibers
moving with the liquid flow in the mold
[8]. For complex shaped parts, the result-
ing fiber orientations are difficult to predict
and control. As a consequence, structurally
weak spots or areas can appear and may
lead to early failure of the component. In
order to avoid this, components are often
designed too thick. This in turn thwarts
the weight saving intention in using FRP.
Numerical simulations can predict the
liquid flow [41] and thus indicate critical
areas where material weaknesses might oc-
cur. Yet, these simulations are not perfect
and need validation. Moreover, prediction
of the local materials properties relies on
orientation information as input, typically
in the form of the 2nd order orientation ten-
sor [1].
Fiber orientations can be analyzed essen-
tially by four types of methods. Histori-
cally, before X-ray micro computed tomog-
raphy (µCT) became widely available, fiber
orientations were evaluated through image
analysis of polished 2D sections. See [45,
Section 11.6.4] for a summary of stereolog-
ical methods based on counting intersec-
tions in slices at varying angles and [28, 14]
for orientations deduced from the shape of
the observed elliptical cross-sections. These
methods are not only destructive but the
latter suffers also from the need for rather
high resolutions and ambiguities due to the
fact that there are always two 3D orien-
tations generating the same cross-sectional
ellipse. Therefore, critical areas of dam-
aged/failed thermoplastic parts (or field re-
turns) are nowadays predominantly ana-
lyzed by CT techniques, nevertheless for de-
tailed verification optical microscopy of pol-
ished micro-sections is still commonly used.
X-ray micro computed tomography
(µCT) can be employed to analyze non-
destructively the fiber orientation in
structural components. Based on the
resulting three-dimensional images, fiber
orientations can be analyzed for the whole
field of view (FoV) by the mean intercept
length (MIL, [8]) or by measuring the
2
length of generalized projections and ob-
taining the orientation distribution via the
inverse cosine transform [30, Section 5.4].
Both methods are designed to be applied
to the whole FoV, they can however be
localized by applying them to small sub-
volumes. Nevertheless, in order to get an
orientation in each voxel, one would have
to center the sub-volume in each voxel.
While inverting the cosine transform faces
numerical instabilities, the MIL method
has been applied successfully, see [8] also
for a comparison to analysis of 2D virtual
slices from the CT data as well as of 2D
images of polished surfaces.
Local fiber orientation can of course be
determined via single fiber segmentation.
These approaches are typically very de-
manding with respect to image quality
(contrast as well as lateral resolution), fiber
volume fraction and spatial arrangement of
the fibers. On the other hand, if success-
ful they yield additional valuable informa-
tion, in particular the fiber length distri-
bution [38, 46] or positions with respect
to failure regions [24]. Single fiber seg-
mentation usually relies on tracking fiber
center lines or cross-sections from slice to
slice [36, 17] or local approximation of
fibers by line segments [15, 39], ellipsoids
[3], or cylinders [44, 27, 32]. [3] recon-
nects fragments based on local orientation,
while [44, 27] just use the fragment orien-
tations. All these approaches have in com-
mon that they demand rather slow orienta-
tion changes within one fiber (see the de-
tailed discussion in [24]) and the fiber di-
ameter to be resolved by at least 8 voxels.
Viguié [48] and Kronenberger [24] do not
need the former but [48] thrives on high
image quality as provided by tomography
using synchrotron radiation and both rely
on resolutions of 8 voxels per fiber diameter
and more. Pinter [32] claims 5 voxels per
diameter to be sufficient, whereas the effi-
ciency of the circular voting filter drops sig-
nificantly for the lower resolution of 3 vox-
els per fiber diameter. In [6], orientations
of short fibers or clusters of them are used
to derive the homogenized orthotropic be-
haviour for cuboidal sub-volumes for use in
FEM simulations.
Here, we concentrate on estimation of the
local fiber orientation in the sense of assign-
ing an orientation vector to each voxel be-
longing to the fiber system without fiber
separation. For this purpose, several meth-
ods based on local approximation of fibers
by ellipsoids [37, 2, 52] and on local gray
value derivatives of first [23] and second
order [51] have been proposed. The first
order gray value derivatives are subsumed
into the so called structure tensor and are
applied e. g. by [12] and in VG STU-
DIO MAX, see e. g. [7]. Note that the
structure tensor is not the orientation ten-
sor as described by [1] and given in Equa-
tion (1) below. The second order deriva-
tives form the so called Hessian matrix and
are applied e. g. in MAVI, see e. g. [50].
The rationale behind both methods is that
locally the fiber orientation is the one in
which gray values change or are curved the
least. In [51], all four methods are com-
pared comprehensively based on simulated
single fibers with a diameter of 10 vox-
els. In applications, the derivative based
methods usually use 2-4 voxels per diame-
ter [20, 50, 51, 46] while [2] rather demands
10. An exception is [12] applying the struc-
ture tensor at fiber bundle instead of fiber
level thus allowing for voxel sizes of 50µm.
In [34], the authors present a different tech-
nique, the dark field scanning, for deriva-
tion of fiber orientation results in FRP. This
method allows for even coarser resolutions
of 86 µm.
All local and single fiber based orienta-
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Figure 1: Bearing component made of polypropylene with 30wt% reinforcing long glass
fibers. Regions of interest (RoI) are marked white. As indicated, the analyzed
component is mostly oriented in the x-y-plane and positive z is the thickness
direction. Throughout, this coordinate system is used.
tion analysis methods described above ex-
cept [12, 34] require the fiber diameter to be
sampled by at least 2-4 voxels [35, 50, 33].
Sampling the fibers coarser than this causes
them to crumble in the digital image. That
is, a fiber sampled at less than 2 voxels
for its diameter is endangered to form more
than one connected component. Thus, sim-
ilar to the microscopic imaging of planar
sections - µCT is limited in its FoV to some
mm3. E. g., if glass fibers of diameter 10 µm
are analyzed, orientation analysis limits the
voxel size to at most 5 µm and conse-
quently the FoV to 10µm/3×2 048≈7mm
size. This FoV usually covers the compo-
nent’s thickness. However, the lateral di-
mensions of injection molded parts can be
as large as some meters. So far, we used
CT to analyze fiber orientations in small
molded parts. These results have been
used to verify simulation results of injection
molding simulation software. Large molded
parts could not be analyzed due to the lim-
itations of CT devices used in the polymer
industry. The part analyzed in this paper,
shown in Figure 1, is about 1m long.
As a consequence, very often the sam-
ple size is reduced to match the FoV de-
termined by the needed resolution by cut-
ting small pieces of a few millimeters edge
length from the part thereby rendering µCT
an utterly destructive inspection technique
[53, 6].
With this work we demonstrate two
strategies which aim at employing µCT for
fully non-destructive analysis of local fiber
orientation in injection molding FRP parts:
1. The imaging technique is applied as
region of interest CT (RoI CT) [19].
That is, the components are not
cut and the FoV can be significantly
smaller than the components size, at
least in one dimension.
2. Instead of the local fiber orientation
distribution, a local “texture orienta-
tion” is derived. More precisely, the
local orientation is determined in small
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cubic sub-volumes (boxes). Boxes not
containing enough voxels belonging to
the fiber component are not taken into
account. Thus, the spatial sampling
of the fiber diameter can be reduced
to less than one voxel, allowing for an
FoV 10 times larger than required for
a local fiber orientation analysis.
By combining these two aspects into one
novel method the analysis of local fiber ori-
entation in meter-sized glass FRP compo-
nents becomes readily feasible.
While in synchrotron µCT experiments
RoI (axial or laminography) scans are per-
formed routinely on carbon FRP material
[9] this acquisition mode is still new in lab-
oratory µCT. One reason for this is the
compactness of commercial µCT scanners
which, given a high geometric magnifica-
tion, leave little to no space between X-ray
source window and sample. The present
scanner uses a variable source-detector dis-
tance which allows for RoI CT in samples
of 100 mm width while maintaining a high
magnification and microscopic voxel sam-
pling.
2 Materials and methods
The object used to demonstrate our tech-
nique is a long glass fiber composite car-
rier, see Figure 1. Built into the upper
front end of the car, this part fulfills sev-
eral functions: It carries the hood damper
and yields mounting points for the lights as
well as for the radiator package. The lat-
ter is provided with air by the carrier, too.
Moreover, jointly with the crash absorber,
the carrier contributes to fulfilling the legal
regulations w.r.t. pedestrian protection.
In a polypropylene matrix, 30wt% glass
fibers of 10-20 µm thickness and 10-15mm
length before processing are embedded.
The carrier has been scanned several times
with different parameters. Thus, data has
been acquired at several resolutions reveal-
ing different local features of the partic-
ular regions. The scanned regions were
chosen to evaluate the effect of flow on
fiber orientations along the part. Table 1
summarizes physical and digital sizes of
the scans. The largest analyzed RoI scan
A3.1 was scanned at the coarse resolution
of 44 µm/voxel edge by the Tomosynthe-
sis scanner at a the Fraunhofer Institute
in Fürth (EZRT), Germany. This scan-
ner has a maximum source-detector dis-
tance of 2 m, while its detector has 100 µm
pixel pitch. Thus the scanner does not al-
low for very fine voxel samplings (< 5µm)
while maintaining a large source-object dis-
tance (in the present case at least 100 mm).
We therefore used the metRIC scanner at
EZRT Würzburg for the remaining scans.
The metRIC allows for voxel samplings
down to 2.33 µm with 100 mm source-
object distance thanks to its very large de-
tector X-axis (up to 3.3 m) and a pixel
pitch of 74.8 µm. Thus, metRIC allows for
higher resolutions while coping with large
size of the scanned component. So that, we
scanned the RoI A2, A4 and A5 at higher
resolutions of 10-20 µm/voxel edge. In or-
der to compare the local analysis at sev-
eral resolutions, the region A3.2, has been
imaged at coarse (45 µm/voxel, A3.2m),
intermediate (21µm/voxel, A3.2h), and
high resolutions (10µm/voxel, A3.2uh).
The scans A3.2m, A3.2h and A3.2uh
have been acquired by changing exclusively
the source-object-distance/source-detector-
distance leading to the corresponding di-
mensions of the scanned RoI. Finally, RoI
A3.3 has been scanned at the highest res-
olution of 3 µm/voxel edge. Next, we de-
scribe the CT-data acquisition set-ups. Af-
terwards, we present the orientation anal-
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Figure 2: RoI CT scanner MetRIC at EZRT in Würzburg.
ysis results for the CT-data and compare
them with Moldflow® simulations.
2.1 X-ray approach for entire
components (RoI CT)
RoI CT of large glass FRP components re-
quires certain degrees of freedom in the CT
scanner as well as sufficient space for dis-
placement of the sample. This is realized
in the Tomosynthesis scanner. The scanner
allows for precise x, y, and z movements
over more than one meter range, thereby
placing FoV at any position and of variable
size and detail between X-ray source and
detector. The X-ray source is an open mi-
crofocal transmission anode which provides
X-ray spot sizes down to 1 µm. The X-
ray projections of the sample are recorded
on a digital detector array which covers
an area of 40 cm×40 cm (Varian PaxScan).
The sample is mounted vertically on the ob-
ject table and the RoI is positioned on the
marked positions covering 5 cm FoV which
are sampled at 22.4µm/voxel (geometric
magnification 4.45×). Binning of two de-
tector pixels results in the final effective
voxel edge length of 45µm. Reconstruc-
tion of the volume images from 3 000 pro-
jections is achieved through standard Feld-
kamp back-projection.
In addition to the low and medium reso-
lution scans of RoI A2, A3.1, A3.2, A4 and
A5, we applied high resolution local tomog-
raphy to the same sample. The RoI A3.3
covers the region marked by the elongated
red box in Figure 3. The RoI CT scanner
MetRIC (see Figure 2) has been designed
and constructed recently at the EZRT in
Würzburg, Germany. The X-ray source is
an X-RAY WorX microfocus transmission
anode (XWT-190-THCE PLUS) which can
be operated at up to 190 kV acceleration
voltage and provides a spot size down to
below 1 µm with the high-resolution target
(1µm W on 250 µm Be). The setup com-
prising source, sample manipulator, and de-
tector offers 10 degrees of freedom and a
precisely encoded positioning of the sam-
ple and probed RoI. The flat-panel detec-
tor (Perkin Elmer Dexela 1512 NDT, 14-
bit CMOS, Gd202S:Tb DRZS-scintillation
screen) features a pixel size of 74.8 µm on a
sensitive area of 154.4mm×114.9mm. Es-
pecially the extended movement of up to
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RoI CT device dimensions in voxels voxel size
x-y-plane [cm2] [µm]
A2 MetRIC 2.7× 0.9 604× 200× 205 45
A3.1 Tomosyn 6.2× 4.8 1 422× 1 102× 450 44
A3.2m MetRIC 4.9× 2.5 1 084× 556× 172 45
A3.2h MetRIC 2.0× 1.4 949× 686× 307 21
A3.2uh MetRIC 1.0× 0.7 972× 726× 543 10
A3.3 MetRIC 0.6× 2.3 1 944× 8 832× 1 700 3
A4 MetRIC 3.0× 1.9 1 860× 1 150× 360 17
A5 MetRIC 5.2× 5.6 1 210× 1 300× 250 44
Table 1: RoI scanned at varying resolutions.
2.5m of the detector stack along the hori-
zontally oriented X-ray direction as well as
of the X-ray source (up to 1.3m) enhances
an optimized arrangement of encoded
source, sample, and detector positions for
well-balanced magnification (source-object-
distance/source-detector-distance), resolu-
tion and scanning time of each sample and
RoI. The encoding of all axes enables CT
scans without manual movement of the
sample and the RoI can be reproduced at
any time. The encoded x-y-stage on top of
the rotary table as well as the z-movement
of the sample stack allow for selection of
several RoI without repositioning the sam-
ple. Consequently, all data is generated au-
tomatically in the same coordinate system.
Our scanner allows for an extensive
focus-detector distance (here 3.3m) which
in turn enables voxel samplings as small as
3 µm/voxel, even in parts which are several
cm wide. Moreover, on top of the air bear-
ing rotation, a piezo positioning system lets
the user choose an arbitrary RoI with sub-
µm precision.
The minimum resolution of all CT scan-
ners depends on the sample size. Tomosyn-
thesis as well as MetRIC enable resolutions
down to 2-3 µm. Tomosynthesis offers addi-
Figure 3: The red box marks the RoI which
has been scanned at finest res-
olution, divided into six sub-
volumes. The stack of six scans
covers approximately the entire
red box. Figure 4(a) shows
the volume rendering of the seg-
mented fiber component of the
whole RoI A3.3.
tionally the option to scan very large sam-
ples with high resolution. On the other
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hand, MetRIC has a smaller focal spot size
reaching even higher resolutions for smaller
samples. The degree of freedom for move-
ments and total distances is higher and thus
allows more variable sample geometries.
Although the 3D volume reconstruction
of RoI CT data gives the chance to achieve
high resolution images, it suffers from a
few specific problems. If an area of the
scanned object overlaps the reconstructable
FoV in direction of the beam at a certain
angle, this area will become part of the
corresponding radiography. Therefore, in
the image reconstruction process, this outer
area will become part of the reconstructed
volume. Moreover, problems occur when
the projection of the scanned object is big-
ger than the horizontal detector size. Fil-
tered back-projection of the radiographies
involves high-pass filtering. As a conse-
quence, the detector edge leads to recon-
struction artifacts near the boundaries of
the imaged volume.
Both problems are treated adequately at
MetRIC. The scan is performed “on-the-
fly” using a non-stop rotational movement.
That way, parts of the sample that are lo-
cated outside the FoV will move faster dur-
ing object rotation. Hence, the blurring
of these areas is increased proportional to
their distance to the center of rotation. In
the resulting image slices, this leads to a
constant gray value offset only. The hori-
zontal overlap is handled by padding as the
high-pass filter used for backprojection is
less sensitive of the projected image. Thus,
cupping artifacts in the outer areas of the
reconstructed slices are avoided.
2.2 Measuring local fiber
orientation from 3D image data
In this paragraph, we shortly summarize
the method for local 3D fiber orientation
analysis based on 2nd order gray value
derivatives. That is, the method based on
an eigenvalue analysis of the Hessian matrix
in each voxel of a 3D image.
State of the art methods for analyzing
the fiber orientation in µCT images of FRP
parts determine the fiber orientation in
each voxel without need to identify indi-
vidual fibers [23, 33, 51, 13]. More pre-
cisely, in each voxel belonging to the fiber
system, a local fiber orientation is derived.
These voxel-wise measurements yield the
volume weighted orientation distribution of
the fiber system observed in the 3D image.
As discussed in the Introduction, in general,
segmenting individual fibers requires higher
resolutions than the voxel-wise orientation
analysis. The latter being reported to work
at spatial sampling of the fiber diameter by
2-3 voxels ([35, 50, 33]), allows for an FoV
considerably larger than required for single
fiber analysis.
Here however, in the coarser scans,
the mean fiber diameter of approximately
10 µm is sampled by less than one voxel.
Due to the local orientations not rapidly
changing spatially, local orientation analy-
sis is nevertheless possible, see [40] analyz-
ing bundles of glass fibers in sheet mold-
ing compound samples at a nominal res-
olution of 17.3 µm in virtual 2D slices us-
ing the method from [37] and [12] applying
the structure tensor [23] to prepreg platelet
compression molded samples for 3D orien-
tation analysis at 50µm nominal resolution.
The gray value of an image voxel represents
in that case the averaged energy absorbed
by several neighboring fibers.
2.3 Local fiber orientation analysis
The regions scanned are not simply
cuboidal. Thus, first of all, masks for the
RoI of the part are derived from the CT im-
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age data. To this end, solid matter is sep-
arated from the surrounding air by a man-
ually chosen global gray value threshold.
The resulting rough edges are smoothed
by a morphological opening with a 3×3×3
voxel cube.
The local orientations are measured in
each voxel exploiting the second order par-
tial derivatives of the local gray values.
That is, the Hessian matrix is computed
in each voxel. Subsequent analysis of the
eigenvalues of the Hessian yields the lo-
cal orientation of bright locally fiber like
structures as the eigenvector corresponding
to the smallest (in magnitude) eigenvalue.
Following [51], we define a fiber like struc-
ture to be a subset of a dilated random
fiber system which in turn is a collection
of rectifiable curves. See [25, 29] for math-
ematical background. The idea behind the
eigenvalue analysis is that standing on a
(gray value) mountain ridge, the orienta-
tion of the ridge is the one in which the
(gray value) relief is curved the least [16].
In [51], this method has been proven to
be equivalent to the structure tensor based
one of [23] and to outperform methods dis-
cretizing the orientation space, namely ori-
entation derived from maximal response of
anisotropic Gaussian filters [37] or from the
moments of intertia [2].
Here, the Hessian matrix based method is
slightly altered. In [51], the fiber diameter
is assumed to be known. Calculation of the
2nd order partial gray value derivatives in
each voxel is proceeded by smoothing with
a Gaussian filter whose parameter is cho-
sen to meet exactly the fiber radius. This
choice is motivated by the interpretation of
a bright glass fiber within a darker matrix
forming a ridge in the gray value relief and
the desire to observe the highest points of
the ridge exactly at the center line of the
fiber. Recent experiments [13] shed some
doubt on this empirically deduced rule of
thumb and this issue is currently being in-
vestigated. Clearly, choosing the width of
the Gaussian as the fiber diameter is im-
possible if the diameter is resolved with less
than 3 voxels. Thus, in these cases, a min-
imal smoothing filter with a 3×3×3 voxel
mask approximating a Gaussian is used.
The presented local orientation analysis
is based on the mathematical concept of
the typical point of a random closed set
[30, 42, 45]. Very roughly speaking, one
looks at the world from a point chosen "uni-
formly" within the random set. As long
as the fibers are of equal thickness and do
not intersect, the resulting distribution of
the fiber orientation in this typical point is
the same as if just the one-dimensional fiber
cores are taken into account. Let R be the
distribution of the local fiber orientation in
the typical point. That is, R is a probabil-
ity measure on the space of direction – the
upper half-sphere S2+. The 2nd order orien-
tation tensor [1] can be interpreted as the
2nd moment of R. Let ui, i ∈ {x, y, z}
denote the component of some normalized
direction vector u in coordinate direction i.
Then the second order orientation tensor is
defined as (aij) with
aij =
∫
S2+
uiuj R (du) , i, j ∈ {x, y, z},
(1)
see [51].
Finally, the local orientation information
is exploited for those voxels assigned to the
fiber system by a global gray value thresh-
old, only. This threshold is found by multi-
plying Otsu’s threshold [31] by 1.25, the ra-
tionale behind that being that the observed
orientation distribution is not distorted if
voxels at the fiber edges are systematically
not taken into account.
An eigenvalue analysis for the 2nd order
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orientation tensor yields the preferred local
direction as the eigenvector to the largest
eigenvalue `max as well as an index re-
flecting the strength of anisotropy, see [40].
More precisely, consider α = 1−`min/`max,
where `min is the smallest eigenvalue of the
orientation tensor. This index assumes val-
ues in the range [0, 1] with 0 indicating per-
fect isotropy. A value of 1 is achieved in
two cases - perfect unidirectional fibers or
a transversally isotropic fiber system. Ten-
sile tests for glass FRP reported in [40] sug-
gest that samples with α < 0.6 behave as
isotropic samples. Thus calculating a mean
fiber direction is not sensible in this case.
3 Results
Here, we present first the results of the RoI
CT scans by volume renderings and slice
views in Section 3.1. The following Sec-
tion 3.2 contains the 3D orientation analy-
sis results, both locally as well as averaged
for each region. Finally, for regions A3.2
and A3.3, local fiber orientations deduced
from the image data are compared for sev-
eral resolutions in Section 3.3 and for A3.3
to those obtained by numerical simulation
of the injection molding process, see Sec-
tion 3.4.
All orientations are analyzed in 3D, in
each voxel, see [35]. There, the Hessian ma-
trix based method is applied to data of FRP
samples showing pixel-wise orientation re-
sults. In [49], the authors discussed the ex-
isting problems and challenges around the
visualization of volumetric microstructures
by means of FRP. Size and complexity of
the imaged regions necessitate a reduction
of orientation information. Here, we con-
centrate on the orientation tensor diagonal
element ayy as the y-direction is the domi-
nating one. Therefore, results are averaged
in cubic sub-volumes and often 2D slices
or projections are chosen for better illus-
tration. Sub-volume sizes are nevertheless
chosen with particular attention to formed
layers, so called shell and core layers see
[22, 10, 11], in the components’ microstruc-
ture.
3.1 RoI CT scans
Altogether, four regions are scanned. Re-
gion A3 is scanned five times with A3.1,
A3.2m, A3.2h, A3.2uh, and A3.3 being or-
dered w.r.t. ascending resolution. See Ta-
ble 1 for dimensions and voxel sizes.
Figures 4-5 give a visual impression of
a representative selection of the analyzed
scans. Volume renderings and 2D slices of
RoI A3.2uh, A4 and A3.1 reveal the dif-
ferences in acquired data caused by vary-
ing resolutions and the micro-structure in
the imaged RoI respectively. The data
sets are cascaded in Figures 4-5 starting at
the finest resolution and getting coarser to-
wards the bottom. Simultaneously this cas-
cade emphasizes the differences in the sam-
ple volume covered by the RoI, too. The
2D slices in Figures 4-5 are taken from the
central layer of the plate. All scans are sub-
sequently analyzed. However, local orienta-
tion analysis results are visualized only for
the selected regions marked yellow in Fig-
ures 4-5.
3.2 Local fiber orientation tensors
from 3D image analysis
The computed orientation results are sum-
marized in Table 2. We derive the
fiber component as described in Sec-
tion 2.2. The orientation tensors are com-
puted based on a tiling by cubes of size
218µm×218µm×218µm. Clearly the y-
direction is preferred (long axis of the car-
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(a) A3.3, volume rendering (b) A3.3, x-y-slice
(c) A3.2uh, volume rendering (d) A3.2uh, x-y-slice
Figure 4: Visualizations of the reconstructed CT images of RoI A3.3 and A3.2uh, with
pixel sizes of 3 and 10 µm, respectively.
rier) for regions A3.1, A3.2, A3.3 and A5.
In RoI A4, the y-direction is less dominant
due to the reorientation around the hole in
this region. RoI A2 is a special case as the
component’s shape differs significantly from
the remaining plate-like shape in this spur
region. A2 features axx as the highest com-
ponent. This finding is not surprising due
to x being the longitudinal direction of the
spur, see Figure 1.
In the following Figure 6, we show the
local orientation results for the regions
marked yellow in Figures 4-5. The Fig-
ure shows slices from the upper (left) and
central (right) layers of the plate like sub-
regions. The color map visualizes the orien-
tation tensor diagonal element ayy in flow
direction y. For all resolutions, as expected,
fiber orientations cluster around the flow
direction in the upper layer and deviate
stronger from this preferred direction in the
central layer. Note that the orientation re-
sults in Table 2 are averaged over the en-
tire regions. Thus, fibers being reoriented
along the edges due to shaping are taken
into account, too. This might decrease the
anisotropy index as well as the dominating
diagonal orientation tensor element. The
yellow marked regions are tightly limited
to the areas in plane and thus avoid the re-
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(a) A4, volume rendering (b) A4, x-y-slice
(c) A3.1, volume rendering (d) A3.1, x-y-slice
Figure 5: Visualizations of the reconstructed CT images of RoI A4 and A3.1, with pixel
sizes of 17 and 44 µm, respectively.
orientation of fibers due to shaping proce-
dures. Orientation results for these regions
are visualized in Figure 6 for the coarse res-
olution scans and the sequence of Figures 7-
9 for the finest resolution scan.
Figures 7 and 8 show the ‘edge’ in region
A3 which was scanned at the highest reso-
lution (3 µm/voxel). The orientation tensor
is averaged in boxes of edge length 200µm.
The expected central layer deviating from
the dominating y-orientation [4] is clearly
visible in the rendering. Figure 9 shows the
orientation tensor diagonal elements, aver-
aged along the x-axis of the shown volume.
These graphs reveal that the central layer
has a pronounced x-orientation (axx rising
from 0.2 to approximately 0.5 along the en-
tire strap) at the expense of y-alignment
(dropping from 0.6 to 0.3) while the azz ≈
0.2 tensor component is constant over the
entire thickness (Figure 9(c)). Moreover,
Figure 7 indicates a slight reorientation of
fibers at one ending of the elongated vol-
ume. This visual impression is backed by
Figure 9. Clearly, fibers are oriented mostly
in plane in the first 120 sub-volumes along
the y-axis in contrast to the last 15 sub-
volumes, where higher azz values are ob-
served. This is exactly where the fibers are
reoriented due to shaping.
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RoI mean fiber anisotropy orientation tensor voxel size
direction index axx, ayy, azz [µm]
A2 not applicable 0.55 0.52, 0.23, 0.23 45
A3.1 not applicable 0.55 0.25, 0.51, 0.23 44
A3.2m (−0.07, 0.99, −0.00)T 0.61 0.23, 0.54, 0.21 45
A3.2h (−0.08, 0.99, −0.02)T 0.60 0.22, 0.54, 0.22 21
A3.2uh (−0.06, 0.99, −0.05)T 0.65 0.21, 0.58, 0.21 10
A3.3 (−0.05, −0.99, −0.02)T 0.78 0.18, 0.66, 0.17 3
A3.3.1 (−0.11, −0.99, 0.03)T 0.75 0.18, 0.63, 0.18 3
A3.3.2 (−0.03, −0.99, −0.03)T 0.78 0.16, 0.67, 0.16 3
A3.3.3 (−0.08, −0.99, −0.04)T 0.76 0.18, 0.64, 0.16 3
A3.3.4 (−0.05, −0.99, −0.05)T 0.78 0.17, 0.65, 0.16 3
A3.3.5 (−0.04, −0.99, −0.04)T 0.77 0.18, 0.63, 0.17 3
A3.3.6 ( 0.01, 0.99, 0.04)T 0.77 0.19, 0.63, 0.17 3
A4 not applicable 0.50 0.26, 0.48, 0.24 17
A5 not applicable 0.57 0.22, 0.51, 0.25 44
Table 2: Orientation analysis results for the entire RoI, as specified in Table 1. Note that
the mean fiber direction is indicative only if the anisotropy index exceeds 0.6.
The respective vectors are therefore not reported if the anisotropy is below this
bound.
3.3 Comparison of local fiber
orientation tensors derived from
scans at varying resolutions
In order to compare the local orientations
derived from scans at varying lateral resolu-
tions quantitatively, we chose a sub-volume
of A3 that is covered by several scans. More
precisely, the chosen volume lies in the in-
tersection of the RoIs A3.3, A3.2uh, A3.2h,
and A3.2m, scanned with voxel sizes 3-
45 µm. See Figure 10 for a volume ren-
dering. We averaged the orientation results
in sub-volumes of edge-length 200 µm and
subsequently along the y-axis in order to
preserve the characteristic differences be-
tween shell and core layers. Figure 11 shows
the remarkable consistency of the orienta-
tion results even for the coarsest resolution
at 45.3 µm. Nevertheless, the quality of ori-
entation results drops for the coarser reso-
lutions. This becomes obvious by the lower
color contrasts between shell and core layers
from left to right. Moreover, the component
azz orthogonal to the plate varies the most
when resolved at 45.3 µm. These two obser-
vations clearly show a bias towards isotropy
in the analysis results.
3.4 Comparison to local fiber
orientation tensors from
injection molding simulation
For three sub-regions of A3, we compare
the 2nd order orientation tensors calcu-
lated in the previous section with the val-
ues obtained by Moldflow® simulations.
The region is highlighted in yellow in Fig-
ure 12. The compared positions p1 to p3
are marked by triangles and rectangles in
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(a) A3.2uh, upper layer (b) A3.2uh, center layer
(c) A4, upper layer (d) A4, center layer
(e) sub-sample of A3.1, upper layer (f) sub-sample of A3.1, center layer
Figure 6: Orientation estimation results for three regions marked yellow in Figures 4-
5. 2D slices from the original 3D images and from the image holding the
corresponding computed local tensor component ayy are shown next to each
other. The orientation tensors are computed in cubic sub-volumes of (218µm)3
for all data sets.
Figure 13 for simulation and µCT data re-
spectively. The tetrahedral Moldflow mesh
can be seen in Figure 13 along with three
tetrahedra for which we calculated orienta-
tion tensors for comparison with the results
from µCT.
The used mesh size is app. 2mm (ele-
ment edge length in-plane). 12 layers are
used over the part thickness (out-of-plane)
for the calculations. The entire carrier has
around 170 000 elements using Dual Do-
main mesh. For the orientation calculation,
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Figure 7: A3.3, cropped to the plate region,
resulting in a 1 200×8 832×1 000
voxel sub-volume. The area clos-
est to the reader is close to an
edge where fibers are forced to
bend.
Figure 8: Clipped visualization of the eval-
uated area. The orientation ten-
sor component ayy is shown in
the analyzed sub-volumes of edge
length 65 pixels (about 200 µm)
leading to a grid of 17×135×13
cubes. Averaged over the whole
analyzed volume, the orientation
tensor diagonal components are
axx = 0.20, ayy = 0.63, azz =
0.15. The anisotropy index is
0.75 and the mean fiber direction
(−0.00, −0.99, −0.01)T .
the Moldflow Rotational Diffusion model is
used, see e. g. [47]. Its parameters – fiber
interaction coefficient Ci and coefficients of
asymmetryD1, D2 andD3 – are set as “au-
tomatic calculations”. That is, the default
values D1 = 1.0, D2 = 0.8, D3 = 0.15 are
Figure 9: Orientation tensor diagonal com-
ponents for the RoI scan A3.3.
The mesh is based on the analy-
sis in 135×13 sub-volumes, where
the results are averaged over 17
sub-volumes along the x-axis.
Figure 10: Volume rendering of the sub-
volume used for the comparison
in Figure 11.
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Figure 11: Comparison of local results for varying voxel sizes: Orientation tensor diag-
onal components for the RoI scan, color coded. A volume rendering of the
corresponding sub-volume is shown in Figure 10.
used. The µCT data is processed in a way
to fit the grid of simulated data. The plate
thickness is subdivided in 12 cuboidal sub-
volumes. The orientation results are ob-
tained by averaging along x- and y-axis (in
plane).
Figure 14 shows the three diagonal ten-
sor elements axx, ayy, and azz from both the
simulation and the measurement. The com-
ponents axx and ayy agree qualitatively well
with axx peaks in the central layer and de-
creasing to the outside and ayy showing the
opposite behavior for both methods. The
azz component however is more pronounced
in some measurement points in the simula-
tion while it is almost negligible throughout
in the measurement with a slight exception
around the center of p3. In particular the
ayy and azz components feature kinks in the
central layer that are neither explained by
standard flow dynamics nor backed by the
µCT measurements.
4 Conclusion
Based on an off-the-shelf part from the au-
tomotive industry, we showed that RoI CT
is readily applicable to large FRP compo-
nents provided that the CT scanner has the
required motor axes and degrees of freedom.
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Figure 12: Visualization of a coarse CT scan around RoI A3.3 (marked yellow) that has
been used for injection simulation.
Figure 13: Mesh of the area around A3.3 that has been used for injection simulation in the
software Autodesk Moldflow Insight 2017. p1, p2 and p3 mark the positions
where the simulation results have been extracted. The simulated orientation
tensor is averaged in the marked triangle, whereas the analysis based on the
CT data averages in cubes.
We scanned an injection molded automo-
tive glass FRP component that is 0.9m
long, 0.35m wide, and has a wall thickness
of 2mm.
It is commonly assumed that a single
fiber has to be sampled by at least 2-4
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Figure 14: Comparison of simulated and CT image data based orientation tensors for
region A3.3.
voxels per diameter, see the corresponding
discussion in the Introduction. We clearly
proved this assumption to be false. Sam-
pling the fiber diameter by less than a voxel
still allows for 3D orientation analysis in
each voxel predominantly representing the
fiber phase. The analysis method of choice
gains local orientation information in each
voxel from the gray value curvature cap-
tured by the Hesse matrix. The results are
stabilized by averaging the 2nd order ori-
entation tensor over small sub-volumes. By
this method we achieved good and consis-
tent results for voxel sizes between 45 µm
and 3µm for the same material. Measur-
ing the local orientation of individual fibers
would require a much higher spatial sam-
pling and therefore impose a much smaller
FoV.
The 3D image analysis reveals strong
anisotropy in the local fiber orientation.
For all RoI except the spur shaped A2, the
injection direction y is as expected the pre-
ferred one, see Table 2. Local effects like
the typical thickness-dependent changes in
the mean fiber orientation caused by flow
turbulences in the central layer are cap-
tured, regardless the image quality, see Fig-
ures 6 and 11. Caution is however advised
when it comes to a quantitative compar-
ison as blurred structural information in-
duces a bias of the orientation analysis re-
sults towards isotropy, see the right column
of Figure 11. Comparing the analysis re-
sults for A3.1 and A3.2, see Table 2, shows
that nominal resolution is however not the
decisive parameter here.
For the best resolved RoI µCT scan A3.3,
the local fiber orientations observed in the
RoI CT data can be compared to those de-
rived by injection molding simulation (Fig-
ure 14). Although deviating quantitatively,
the results do agree qualitatively and par-
ticularly well for the dominating tensor
component. This proves clearly that the
measured orientation results can be used to
validate simulation results. Thus RoI µCT
combined with 3D image analysis as ap-
plied here, enables truly non-destructive 3D
micro-structure characterization for large
FRP components.
To summarize, we proved RoI µCT to
be a potential standard tool for local fiber
orientation analysis in glass fiber-reinforced
automotive parts. Also, we applied success-
fully the proposed RoI scanning technique
in combination with the orientation anal-
ysis method to carbon FRP in [54]. Our
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results are very encouraging and suggest
that the method is applicable to both short
and long fiber reinforced composites. Un-
like methods which try to find single indi-
vidual fibers and which therefore require
a very high resolution and consequently
cover a very small measurement volume,
our method allows the extension of the lat-
ter to some 2 000 times the fiber diameter,
hence 3 cm for 15µm thick glass fibers.
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